Abstract. The acidification and ongoing pH recovery of lakes in Killarney Provincial Park, Canada, provide a unique opportunity to increase our understanding of the role of dispersal as communities respond to environmental change. Time lags in community recovery following pH increases in acidified lakes have typically been attributed to local factors; however, no studies have been conducted to determine if colonist availability could also play a role. Moreover, the rates and mechanisms of dispersal to recovering lakes are poorly understood. In this study, we sought to determine if dispersal limitation could impede the recovery of zooplankton communities affected by a regional stressor. To achieve this objective, we used a combination of empirical data collection along with spatial modeling and variation partitioning techniques. Data were collected by measuring dispersal to four recovering lakes in Killarney Park. Dispersal traps were placed next to lakes to measure immigration overland, drift nets were used to measure immigration via streams, and in situ emergence traps were used to quantify immigration from historically deposited resting eggs. Documented dispersal levels were then compared with the theoretical critical density required for reproduction (N C ) to determine if adequate numbers were dispersing to establish populations of acid-sensitive species in recovering lakes. Spatial modeling and variation partitioning were conducted using community and physical/chemical data for 45 park lakes that were collected in 1972-1973, 1990, and 2005. Field data demonstrated that a variety of zooplankton species were dispersing to recovering lakes through streams and the egg bank, but few individuals were collected dispersing overland. Although we identified 24 species of zooplankton dispersing, only six species absent from the communities of our study lakes were identified from our traps, and two of these species did not disperse in high enough numbers to surpass N C . Local environmental variables explained the largest proportion of the variation in zooplankton communities (18-37%); however, spatial variables were also important (7-18%). The significant spatial patterns we found in the park's zooplankton communities, combined with the low overland dispersal levels we documented, suggest that dispersal limitation may be a more important impediment to recovery than was previously thought.
INTRODUCTION
The structure of biological communities is determined by both local and regional factors. Dispersal from the regional species pool provides colonists to local communities, while local factors, such as water quality and community interactions, can affect the survival and reproduction of individuals once they reach new habitat (Shurin and Allen 2001 , Beisner et al. 2006 , Louette et al. 2006 . Understanding the relative contribution of regional and local variables toward explaining community structure is an important goal in community ecology (Ricklefs 1987 , Beisner et al. 2006 , Vanormelingen et al. 2008 , Verleyen et al. 2009 ). Regional factors are expected to explain a significant proportion of variation in communities when dispersal levels are either high or low (Leibold et al. 2004) . Low dispersal levels limit the ability of a species to move among habitat patches in a region, resulting in a ''clumped'' distribution (spatial autocorrelation; Shurin et al. 2009 ), while high dispersal levels may maintain populations in environmentally unsuitable patches where they would otherwise not persist (mass effects; Leibold et al. 2004 , Ng et al. 2009 ). In contrast, under intermediate levels of dispersal community membership is not limited by the ability of individuals to move among patches, nor is it influenced by mass effects. Instead, local environmental and community characteristics are expected to be the primary determinants of community membership (species sorting; Leibold et al. 2004 ). In the case of either high or low dispersal, the spatial arrangement of habitat patches is expected to explain a significant proportion of the variance in community structure across a region (Ng et al. 2009 be a significant determinant of community structure (Leibold et al. 2004 , Ng et al. 2009 ). The impact of dispersal on the structure of freshwater zooplankton communities is a subject that has generated much debate in the literature. Most studies aimed at quantifying the dispersal of zooplankton have done so by observing the colonization of sterile environments in the field. Several of these field studies have provided evidence for rapid colonization by a wide range of species (Cohen and Shurin 2003 , Havel and Shurin 2004 , Louette and De Meester 2005 , Vanschoenwinkel et al. 2008 . However, other investigations have suggested that colonization of new habitats occurs relatively slowly, and that dispersal distances may be limited (Jenkins 1995 , Jenkins and Underwood 1998 , Ca´ceres and Soluk 2002 , Allen 2007 ). These two divergent viewpoints regarding the dispersal ability of zooplankton have also been expressed in literature reviews on the subject (Bilton et al. 2001, Bohonak and Jenkins 2003) . As an alternative to field colonization studies, several investigators have sought to identify spatial patterns in community structure that would indicate a role for dispersal in determining community structure. A recent meta-analysis conducted by Shurin et al. (2009) found a relatively small amount of spatial autocorrelation for zooplankton communities compared to fish, suggesting that dispersal does not significantly limit the distributions of zooplankton species. However, the analysis of large data sets using spatial modeling and variation partitioning techniques have consistently found that the spatial arrangement of lakes explains a significant amount of variation in zooplankton communities (20-23%), suggesting that dispersal limitation could be an important determinant of community structure (Cottenie et al. 2003 , Beisner et al. 2006 , Strecker et al. 2008 .
Dispersal can play an important role in determining how communities respond to regional environmental change (Berg et al. 2010 , Westley et al. 2010 . The acidification of lakes and streams represents one example of environmental change that has affected biological communities in Eastern North America and Western Europe (Schindler 1988 , Nyberg et al. 2001 , Snucins 2003 . Decreases in lake water pH can significantly alter fish, macroinvertebrate, phytoplankton, and zooplankton communities (Schindler 1988 , Brett 1989 , Findlay 2003 . Responses of zooplankton communities to decreasing pH levels are remarkably consistent: As pH levels drop, species richness and species diversity decline (Marmorek and Korman 1993) . The decline and eventual loss of acid-sensitive species during acidification leads to diminished communities dominated by a few acid-tolerant species (Keller and Pitblado 1984) . International treaties and domestic legislation developed beginning in the late 1960s forced reductions in emissions of sulphur dioxide and nitrogen oxides (Menz and Seip 2004) . As a result of reduced emissions, the pH levels of many damaged systems have increased, with some water bodies recovering to preacidification pH values (Stoddard et al. 1999 , Driscoll et al. 2001 , Vestreng et al. 2007 ). Increased pH levels have provided the opportunity for biological recovery to occur. Zooplankton species eliminated from acidified lakes have started to recolonize, and the structure of some damaged communities has shifted toward that typical of circumneutral lakes that never experienced pH decreases (Yan et al. 2004 , Monteith et al. 2005 , Arnott et al. 2006 .
The recovery of water chemistry in acidified lakes provides a unique opportunity to examine the relative contributions of local environmental variables and dispersal during the recovery of damaged communities. Past studies have focused on local environmental and biotic variables as the primary determinants of community recovery (e.g., Keller and Yan 1991) . However, recovery is a two-stage process requiring that colonists first disperse to a recovering community, after which they must survive and reproduce (Gray and Arnott 2009) . Throughout this paper we use the term ''colonist'' to refer to acid-sensitive species that have the potential to immigrate to lakes that are recovering from acidification. The availability of colonists could be affected by two factors: (1) the dispersal ability of zooplankton, and (2) the availability of acid-sensitive species in the regional species pool (Gray and Arnott 2009) . Given that acidification has damaged zooplankton communities over a wide scale in some regions, the availability of colonists from the regional species pool may be reduced (Keller and Yan 1998) . Past studies provide conflicting evidence regarding the availability of colonists during community recovery. Time series analysis of zooplankton communities in recovering lakes has revealed failed colonization attempts by some species, suggesting that the availability of colonists may not be a limiting factor (Keller et al. 2002 , Yan et al. 2004 . However, studies that have manipulated dispersal rates to mesocosms on recovering lakes have found high survivorship for species yet to establish in the lakes themselves (Binks et al. 2005, Derry and Arnott 2007) . This suggests that local environmental conditions are adequate for survival, and that dispersal was the primary factor preventing those species from reestablishing (Binks et al. 2005, Derry and Arnott 2007) .
This study was conducted to fill gaps in our knowledge concerning the role of dispersal during community recovery. Our main objective was to determine if dispersal limitation could impede the recovery of zooplankton communities affected by a regional stressor. To achieve this objective we used a mixture of empirical data collection, spatial modeling, and variation partitioning analyses to describe patterns of dispersal and recovery for zooplankton in a region severely impacted by anthropogenic acidification.
METHODS
To determine if dispersal limitation could impede the recovery of zooplankton communities in acidified lakes, we conducted three analyses explained in detail in subsequent paragraphs. First, we collected data in the field that measured the dispersal of zooplankton to recovering lakes in Killarney Provincial Park via overland dispersal, stream dispersal, and emergence from historically deposited eggs (see Plate 1). Second, we compared the dispersal data collected in the field to the theoretical critical densities required for the reproduction and establishment of zooplankton species (Gerritsen 1980 , Drake 2004 ). Comparing our field data with critical density estimates allowed us to determine if dispersal was in the range necessary to establish viable populations in recovering lakes. Third, we used spatial modeling and variation partitioning techniques to determine the relative importance of spatial relationships vs. environmental variables for explaining variation in zooplankton communities in Killarney Park lakes. Spatial structure in communities independent of environmental variables indicates a role for dispersal (Cottenie et al. 2003 , Ng et al. 2009 ). Therefore, this analysis allowed us to determine if dispersal exerts any influence on the structure of recovering zooplankton communities.
Rate of arrival of colonists via three main dispersal vectors
Several mechanisms for zooplankton dispersal have been proposed, including passive movement through interconnected waterways, overland transfer by wind or wildlife, and dispersal through time via the diapausing egg bank (Bilton et al. 2001 , Ca´ceres and Soluk 2002 , Cohen and Shurin 2003 . To quantify the movement of zooplankton via overland dispersal, stream dispersal, and emergence from historically deposited eggs, we measured dispersal to four easily accessible lakes in Killarney Provincial Park (Table 1) . A comparison of pH values for these lakes in 1972 with historical, preindustrial pH estimates obtained from paleolimnological evidence suggests that these lakes were heavily impacted by acidification (Table 1) . Recent survey data indicates that pH levels in Acid, George, and Lumsden lakes have recovered to preindustrial levels, while the pH of Ontario Society of Artists (O.S.A.) Lake has changed little over three decades (Table 1) .
To measure the emergence of zooplankton colonists from historically deposited resting eggs, 12 emergence traps were deployed in the nearshore areas of each lake where zooplankton emergence was considered most likely to occur (Ca´ceres 1998) . Emergence traps were designed to capture hatching zooplankton, allowing for an estimate of the number of individuals and number of species contributed by the egg bank. Emergence traps were constructed from 20-L clear, plastic bottles (see Arnott and Yan 2002 for details) . Three holes were drilled in the side of each trap, and the holes were covered with 60-lm mesh to allow for water and oxygen exchange. A removable sample bottle was installed at the top of each trap to allow for easy collection of hatched animals. Due to the patchy distribution of diapausing eggs in sediments, we collected sediment from several nearshore locations and thoroughly homogenized it before it was distributed into the emergence traps. Sediment was added to each emergence trap until a layer ;10 cm deep was present. A sediment layer of this depth was chosen because eggs present in sediments ,10 cm are those that are considered most likely to hatch due to their exposure to appropriate hatching cues (e.g., light; Brendonck and De Meester 2003) . We used nearshore sediments in our traps for similar reasons. Eggs present in shallower water are more likely to receive the cues necessary to hatch (Destasio 1989) , and would therefore contribute the most toward recovery. It is possible that there are higher densities of diapausing eggs for some species in offshore sediments (e.g., Yurista 1997), but this would likely be compensated for by the reduction in hatching with depth (Destasio 1989 ; see next paragraph). Emergence traps were deployed on 1 May for O.S.A. Lake, 3 May for George Lake, and 4 May for Acid and Lumsden lakes. Hatching zooplankton were collected every 10 days, preserved in ethanol, and identified to the lowest taxonomic level possible in the laboratory. Several in situ studies of diapausing egg emergence have demonstrated that most hatching occurs in shallow nearshore sediments (Destasio 1989 , Wolf and Carvalho 1989 , Ca´ceres 1998 ; but see Hairston et al. 2000) , with the result that nearshore sediments may contribute more individuals compared to sediments further offshore (Destasio 1989) . We deployed three replicate emergence traps at 1 m, 6 m, 10 m, and 14 m depths in each of our four study lakes to determine the relationship of hatching with depth in our study lakes. Data collected from our emergence traps indicated that, although significantly more individuals hatched in the 1-m emergence traps compared to the other treatments, there were no significant differences in hatching among the 6-m, 10-m, and 14-m traps (one-way ANOVA followed by Tukey HSD tests; P , 0.05 for pairwise comparisons with 1-m traps, P . 0.05 for all other pairwise comparisons). Therefore, we divided the surface area of lake sediments into two categories: nearshore (,6 m depth) and offshore (!6 m depth).
Hatching data from our 1-m traps were then used to calculate the contribution from nearshore sediments, while data from the 6-m, 10-m, and 14-m traps were used to estimate the offshore contribution. The total contribution from each category was calculated by multiplying the total number of hatched individuals/m 2 from May until the end of August by the surface area of sediment in that depth category. Summation of the nearshore and offshore estimates yielded the total number of individuals hatching per season for each lake.
To determine dispersal probabilities of zooplankton from upstream lakes, 50-lm mesh drift nets (16.5 cm 3 16.5 cm opening) were secured in streams entering each study lake for ;8 h every 10 d: 4 h during daylight, and 4 h during the night. To avoid capturing animals from the study lakes themselves, drift nets were placed ;2-5 m upstream of the mouth of each stream. Contents of these nets were concentrated and preserved in ethanol for later identification. The number of zooplankton drifting downstream per 100 m 3 of water was calculated according to Smock (1996) :
where N is the number of zooplankton in the sample, t is the time the drift net was in the stream (h), W is the net width (m), H is the mean height of water at the mouth of the net (m), and V is the velocity of water at the mouth of the net (m/s). Stream discharge was measured every 10 d using the methods prescribed by Gore (1996) . Drift density (number of individuals dispersing/m 3 ) was multiplied by stream discharge (m 3 /10 d) to estimate the total number of animals dispersing via streams during each 10-day sampling period.
To assess dispersal by wind and animal vectors, 15 overland dispersal traps (0.085 m 2 surface area for each) were set up around the perimeter of our four study lakes. White, 12-L Rubbermaid bins measuring 32 cm 3 26.5 cm 3 14 cm (length 3 width 3 height) were used as dispersal traps. Each trap was filled with ;5 L of lake water that was twice filtered through a 30-lm mesh to remove crustacean zooplankton and rotifers. Dispersal traps were sampled every 10 d starting 11 May and ending 22 August, 2008, for a total of 660 samples (15 traps per lake 3 4 study lakes 3 11 sample dates). At each sampling date, the water within the traps was filtered through a 50-lm mesh, and the filtrate was preserved in 95% ethanol. Of the 660 samples, we were not able to collect 13 due to destruction of the bins by animals (broken with teeth marks) or difficulty locating certain bins on some sample dates. To calculate dispersal rates of zooplankton to our study lakes, we considered only species that were not already present in the local zooplankton communities of the respective lakes. This allowed us to avoid the confounding problem of detecting outward dispersal of zooplankton from populations that have already established in the study lakes themselves.
To determine which species were present in our four study lake, we collected a vertical zooplankton haul from the deepest point of each study lake every 20 d during our study and preserved the contents in 95% ethanol. Species saturation curves were constructed from these samples by taking several sequential subsamples (typically 6-8) and identifying the contents of each subsample to the lowest taxonomic level possible. Subsamples were processed until the number of new species identified by processing an additional subsample plateaued. Historical data on the species present in our study lakes were also obtained from surveys conducted by Sprules (1975) , Locke et al. (1994) , Holt and Yan (2003) , and Shead (2007) . Samples collected from overland dispersal traps, stream drift nets, and emergence traps were examined in the laboratory under a dissecting microscope (;25-403 magnification) to identify dispersing animals and diapausing eggs collected. When necessary, individual zooplankton were mounted on slides and identified with the aid of a compound microscope. Ephippia found in our samples were opened to determine the number of eggs contained within. Preservation of our samples in the field prohibited the incubation, hatching, and identification of diapausing eggs to the species level.
Comparison of dispersal levels of colonist species with the theoretical critical density required for establishment (N C )
To determine if dispersal rates to recovering lakes were in the range sufficient to overcome Allee effects, we estimated the critical density required for sexual reproduction using mate limitation models. For obligate sexual species that experience multiple mating encounters (calanoid copepods) we used the model developed by Gerritsen (1980) :
where N C is the critical density (number of individuals/ m 3 ), R is the finite population growth rate on a daily basis, t is the length of the breeding season (d), v is the swimming velocity (m/d), and d is the encounter radius (m). For obligate sexual species that have the ability to store sperm from a single copulation (cyclopoid copepods), we calculated the critical density using the approach suggested by Gerritsen (1980) . For species that store sperm the realized finite population growth rate (R 0 ) is
R is the finite population growth rate, Z is the mate encounter rate (encounters/d; see next paragraph), and t is the length of the breeding season (d). To calculate the critical density, R 0 is set equal to 1 and the equation is solved numerically for the encounter rate and the corresponding density of animals representative of the critical density (Gerritsen 1980) . For seasonally parthenogenetic species (cladocerans), we used the model developed by Drake (2004) :
where c is the clutch size, e is the probability of emergence from diapausing eggs, k is the instantaneous birth rate, l is the instantaneous death rate, p is the duration of parthenogenetic reproduction (d), and s is the duration of sexual reproduction (d). Sensitivity analyses were conducted for the two models used to calculate critical densities for obligate sexual species (multiple mating encounters and sperm storage; Appendix A). A sensitivity analysis for the model used for seasonally parthenogenetic species can be found in Drake (2004) . Appendix B lists the values of the parameters used to calculate critical densities for colonists. We provide high and low critical density estimates by using a range of parameter values obtained from literature sources (see Appendix B). In developing these mate-limitation models, Gerritsen (1980) and Drake (2004) assumed that animals were distributed homogeneously within a lake throughout the period of sexual reproduction. However, several of the species we identified as potential colonists, including Holopedium gibberum and Skistodiaptomus oregonensis are known to form aggregations or swarms (Table 5 ; Malone and McQueen 1983, Tessier 1983) . When individuals initially hatch from the egg bank or disperse from overland sources, it is likely that they will arrive at random locations throughout a lake. However, as time passes, these individuals could gradually form aggregations with conspecifics. We were concerned that the formation of these aggregations might affect the rate of mate encounter (Z ):
where d is the detection radius (m), n is the density of animals (or groups; number/m 3 ), and v is the average swimming speed (m/d) (Drake 2004) . To determine the effects of aggregation formation on Z, we conducted computer simulations in the R programming language.
Our simulations mimicked the process of forming aggregations: As time progresses and groups form, the density of individual entities in the lake decreases (n), but the detection volume of aggregations of animals increases dependent on group size (see Appendix C for details). In addition to the effects of aggregation formation on encounter rates, the formation and maintenance of groups will also alter future mating opportunities. If a female remains within a group after its initial formation, the probability that she will encounter a mate in the future will increase significantly. If group membership guarantees a probability of mating of 1 for each female (in the most extreme case), a female must find a group only once, analogous to the case of sperm storage, where females need only encounter a mate once to produce multiple clutches. Therefore, to provide an estimate of the most extreme effects of aggregation behavior, we have calculated the critical density for each species using the methods described above for species capable of sperm storage (see Appendix C for details; Gerritsen 1980) . As with the calculation of critical densities for homogeneously distributed animals above, we provide both high and low estimates of N C using a range of parameter values obtained from the literature (Appendix B).
For obligate sexual species to establish in recovering lakes, the number of individuals arriving must be sufficient to produce the required critical density. To determine if this was the case for the colonists we identified, we used our dispersal data along with the volume of water representing the species preferred habitat to calculate the approximate density the colonist species could attain in our study lakes. In theory, a single parthenogenetic female could establish a new population. However, in temperate lakes most cladoceran species overwinter as sexually produced diapausing eggs. Therefore, for an introduced population to persist, it must reach the critical threshold required for sexual reproduction before the onset of winter (Drake 2004) . Based on our dispersal estimates for potential colonists for the entire summer, we modeled the probability of seasonally parthenogenetic species reaching its critical density following the methods in Drake (2004) . The size of the initial population of colonists was taken from our dispersal data and the growth of the population was modeled using an algorithm described by Renshaw (1991:38) that simulates stochastic population growth. Using code written for the R programming language (R Development Core Team 2009), we ran simulations that assumed exponential population growth over a 60-day period of asexual reproduction, designed to simulate growth from mid-summer until fall. To determine how the growth rate of the introduced population could affect the chance of establishment, our simulations were run with three different daily population growth rates (r): 0.04, 0.08, and 0.12. Population growth rates were chosen arbitrarily in an effort to determine the minimum rate needed to reach N C . One hundred bootstrap iterations were conducted for each r value, and the mean population size and the 95% confidence interval were calculated for each day (1-60). As with the sexual species, the volume of water representing a speciespreferred habitat was used to estimate the total population size necessary to reach N C . Simulations were run for two of the three species of seasonally parthenogenetic colonists we identified: Diaphanosoma birgei and Holopedium gibberum. Simulations were not conducted for the third, Polyphemus pediculus, because we could not obtain adequate information from the literature in order to estimate the parameters needed to calculate N C .
Relative role of spatial configuration of lakes and environmental conditions
We developed three spatial models that differed in their assumption of the process by which zooplankton disperse among lakes. The first model created spatial variables based on linear overland distances among lakes. This model represents movement of zooplankton via wind and is a simple proxy for phoretic dispersal. The second model used watercourse distances among lakes when creating spatial variables. This model assumed that movement of zooplankton occurred via stream connections. The last model we developed used linear overland distances among lakes, but assumed movement of zooplankton only in the predominant spring/summer wind direction. Unlike the first model that assumes symmetric connections among lakes, dispersal in this model was asymmetric (i.e., zooplankton could only disperse in the predominant wind direction).
To create spatial variables for the first and second models, based on linear overland distances and watercourse distances, respectively, we conducted spatial modeling according to Borcard and Legendre (2002) , Dray et al. (2006) , and Griffith and Peres-Neto (2006) , using the program R (R Development Core Team 2009). Spatial variables were created for each data set in five steps that are explained in detail in Appendix D. First, two pairwise distance matrices were constructed based on the 45 lakes in the data set. The first distance matrix was based on direct overland distances between lakes and was used to assess the role of overland dispersal, while the other used actual watercourse distances between lakes to consider the role of stream dispersal. Second, the two pairwise distance matrices were transformed to create weighting matrices based on three monotonically decreasing functions suggested by Dray et al. (2006) . The distance matrices were transformed into weighting matrices to increase the realism of the models since lakes that are closer together are expected to have higher ecological similarity . Third, connectivity matrices were constructed to define how lakes are connected to one another using five standard connection schemes (Delaunay triangulation, Gabriel graph, relative neighbor, sphere of influence, and distance threshold) plus one based on stream connections. Fourth, spatial weighting matrices were created by calculating the Hadamard product (pairwise product) of the weighting matrix by the connectivity matrix. Finally, a series of eigenvectors was created from each spatial weighting matrix and was used in ordinations to assess which model provided the most explanatory power.
To create spatial variables for the third model that considered overland dispersal via the predominant wind direction, we used the methods developed by Blanchet et al. (2008) that consider directional spatial processes. First, a matrix was created that describes how the 45 lakes in our data sets were connected to one another. These connections were based on the predominant winds in the Sudbury area, which originate from the southwest during spring and summer. For each lake, we compared the latitude and longitude with all others in the data set to determine which lakes were located within a 90-degree arc north and east of the geographic center of the lake. Lakes that fell within this arc were given a value of 1 in the connection matrix (termed a sites-by-edges matrix in Blanchet et al. 2008) , while those that did not were given a value of 0 (not connected). Next, a Euclidean distance matrix was constructed representing the distance among the lakes in our data set. Third, a Hadamard product (pairwise product) of the connection matrix by the Euclidean distance matrix was calculated to obtain a spatial weighting matrix. Finally, a series of eigenvectors was obtained from the spatial-weighting matrix using the program AEM in the R programming language (Blanchet et al. 2008) .
To determine which spatial model explained the most variation in zooplankton communities, a suite of nine redundancy analyses (RDA) were conducted using the three sets of spatial variables obtained from our three spatial models (symmetric overland dispersal, stream dispersal, asymmetric overland dispersal via wind) combined with three zooplankton community and physical/chemical data sets collected in 1972 -1973 (Sprules 1975 ), 1990 (Locke et al. 1994 , and 2005 (Shead 2007 ). Hellinger-transformed zooplankton species abundances, environmental variables (pH, elevation, maximum depth, and total phosphorus), and the generated series of spatial variables were included in each analysis. RDA was appropriate because gradient lengths were short (,2.0; ter Braak and Sˇmilauer 1998). Species occurring in 5% of lakes sampled were considered rare (detected in ,3 lakes) and were removed from ordination analyses (Leps and Smilauer 2003) . Samples were centered and standardized to adjust for differences in measurement units of environmental variables (Leps and Smilauer 2003) . Spatial and environmental variables were forward-selected by Monte Carlo permutation tests at P , 0.05 with 999 iterations. Total variation in each of the three data sets (1972-1973, 1990, and 2005) was partitioned into fractions which comprised of: (1) purely spatial, (2) spatially structured environmental, and (3) purely environmental. Variation partitioning was conducted according to Peres-Neto et al. (2006) .
RESULTS

Rate of arrival of colonists via the three main dispersal vectors
Eleven cladoceran taxa, excluding unidentified Chydoridae and Macrothricidae, and 10 copepod taxa, excluding unidentified Harpacticoida, nauplii, and copepodites, were collected from emergence traps designed to capture individuals hatching from the diapausing egg bank (Table 2 ). Approximately 87% of individuals that hatched from the egg bank did so during the first three sampling dates from 11 May to 3 June (Fig. 1) . Of the 22 taxa collected, only two cladoceran and one copepod species were identified as potential colonists from the diapausing egg bank (Table 2) .
George Lake received the most water from upstream lakes, with an average of ;1.2 million m 3 in 10 days, followed by Acid Lake (average ;100 000 m 3 /10 days) and O.S.A. Lake (average ;3700 m 3 /10 days) (Fig. 2) . The inflow of water via streams appeared to follow a seasonal pattern with maximum discharge during the spring melt in May and decreased discharge through June and July (Fig. 2) . Discharge peaked again near the middle of August when the area received .100 mm of rain between 1-10 August ( Fig. 2 ; Environment Canada 2008) . Six cladoceran taxa, excluding unidentified Chydoridae and Macrothricidae and nine copepod taxa, excluding unidentified Harpacticoida, nauplii, and copepodites, were collected from stream drift nets (Table 3 ). The estimated total number of zooplankton transported via streams per 10 days followed the same general pattern as stream discharge, with George Lake receiving the most zooplankton through streams (mean ;45 000 individuals/10 d), followed by Acid Lake (mean ;26 000 individuals /10 d) and O.S.A. Lake (mean ;70 individuals/10 d) (Fig. 2) . Of the 19 taxa collected, three potential colonist species were collected in stream drift nets (Table 3) .
Three cladoceran species and two copepod species were found in overland dispersal traps (Table 4) . For the entire 110-day sample period, a total of 5, 13, 7, and 8 individuals were collected from overland traps beside Acid, George, Lumsden, and O.S.A. lakes, respectively (Table 4) . We did not find any potential colonist species in the overland dispersal traps for the four study lakes.
The diapausing egg bank contributed a higher proportion of individuals to lake populations in our study lakes, as well as a higher number of individuals per colonist species, compared with stream dispersal ( 
Notes: An X indicates that the species was collected from emergence traps; an O indicates that the species was not collected. Potential colonists are identified in boldface type.
Primarily littoral or benthic species. Since this study and past surveys have focused on planktonic species, we cannot determine if these are potential colonists. 3a, b). The mean number of species (Fig. 3c) and the mean number of colonist species (Fig. 3d) was similar for the diapausing egg bank and stream dispersal, but both were lower for overland dispersal.
Three of the potential colonist species we identified were copepods that must reproduce sexually (Table 5) . Two of these species were collected in stream drift nets, but their arrival rates were insufficient to produce densities that would surpass our minimum estimates for N C (Table 5 ). The third copepod species, Skistodiaptomus oregonensis, hatched from the diapausing egg bank in O.S.A. Lake in numbers that could produce a density reaching the minimum N C (Table 5) .
We identified two seasonally parthenogenetic colonists in samples collected from emergence traps (Diaphansoma birgei and Holopedium gibberum; Table  5 ). Given their rate of emergence during June and July, our estimates suggest that these two species could have surpassed our minimum critical density (N C ) estimates without parthenogenetic population growth. In addition, our simulations suggest that modest population growth rates (daily r . 0.08), would allow these species to surpass our high estimates for N C within a 60-day time frame (Appendix E). A third parthenogenetic species, Polyphemus pediculus, was collected from stream drift nets, but we could not calculate N C for this species due to the poor availability of data required to estimate life history parameters for the model.
Relative role of spatial configuration of lakes and environmental conditions
Results of variation partitioning indicate that regardless of the model chosen, both spatial and environmental variables explained a significant proportion of the variation in zooplankton communities (Table 6 ). For models based on symmetric overland dispersal and stream dispersal, spatially structured environmental variables explained a large percentage of the variance in zooplankton communities in 1972 (Table 6) . However, as chemical recovery of the lakes occurred through time, the amount of variation explained by spatially structured environmental variables decreased and the importance of pure environmental variables increased (Table 6 ). The amount of variation explained by pure spatial variables decreased through time for the models based on symmetric overland dispersal and stream dispersal, but increased through time for the model based on asymmetric dispersal via the predominant wind direction (Table 6) .
Environmental variables explained a higher percentage of variation in Killarney Park zooplankton communities when compared with spatial variables (Table 6 ).
DISCUSSION
Results obtained from spatial modeling and variation partitioning strongly suggest that dispersal plays an important role in structuring zooplankton communities in Killarney Park. Depending on the spatial model chosen, the spatial arrangement of lakes on the landscape explained ;20-32%, ;18-34%, and ;20-32% of the total explained variation for 1972, 1990 , and 2005 data sets, respectively. Our results also indicate an important role for local environmental variables. The combined effects of pH, elevation, maximum depth, and total phosphorus explained more of the variation in zooplankton communities compared with spatial variables for all three data sets (1972, 1990, and 2005) . These results suggest that both local environmental variables and dispersal processes act jointly to influence community structure, and are in agreement with several past studies that have demonstrated the importance of both local conditions and dispersal (Cottenie et al. 2003 , Beisner et al. 2006 , Strecker et al. 2008 . However, the dominant role of environmental variables in this study suggests that, while dispersal appears to play a role in structuring zooplankton communities, local water conditions are the final arbiter determining which species will survive in a particular habitat.
Our empirical measurements of dispersal to four lakes in Killarney Park demonstrated a high diversity and abundance of zooplankton immigrating to recovering communities (Tables 2 and 3 ). However, despite the high number of immigrants, the availability of colonist species appeared to be limited for two reasons. First, most species collected in our traps were already present in the communities of our study lakes; only six of the species collected during the 110-day field study were identified as potential colonists (Table 5) . Second, comparisons of the number of individual colonists of each species that were arriving with the theoretical critical density required for reproduction (N C ) revealed that two of the six colonist species (Mesocyclops edax and Tropocyclops extensus) were not introduced in numbers large enough to surpass our minimum estimate for N C . These two copepod species were captured dispersing via streams, suggesting that the presence of potential colonist species in an upstream lake does not necessarily guarantee that an adequate number will disperse to allow for its reestablishment in the community located downstream. Past field studies have demonstrated that sexual zooplankton species are less likely to reestablish populations in recovering lakes following the removal of a stressor due to difficulty in finding mates at low population densities Sarnelle 2008, Kramer et al. 2008 ). The two copepod colonists in this study provide an example of the role Allee effects might play when animals are dispersing through stream connections. The four remaining colonist species we identified may not have been limited by dispersal, but by local environmental or community impediments. For example, the acid-sensitive copepod Skistodiaptomus oregonensis was captured hatching from the diapausing egg bank in O.S.A. Lake, but would be unlikely to survive at the lake's current pH of 5.1 (Havens 1993) . The hatching of this species in O.S.A. Lake despite the inhospitable conditions is interesting because it suggests that the diapausing egg bank could be slowly depleted through time, diminishing the probability of colonists hatching from the egg bank once pH levels recover to preindustrial levels (see Arnott and Yan 2002) .
The spatial structure detected in our models suggests that dispersal plays an important role during the recovery of damaged zooplankton communities. The results of our spatial modeling alone do not allow us to determine if these patterns are the result of high dispersal rates that are causing mass effects, or low dispersal rates that are contributing to dispersal limited species distributions (Ng et al. 2009 ). However, we believe that the latter is more likely for several reasons. First, mass effects are most likely to play a role when aquatic habitats have strong connections to one another through interconnecting waterways (e.g., Cottenie et al. 2003) . However, of the 990 possible stream connections among the 45 lakes in our data sets (45 2 À45/2), only 31 direct connections exist (D. Gray, unpublished data). Second, the dispersal data we collected in the field suggest very low overland dispersal rates. Only 33 animals were collected in the 60 overland traps placed beside our four study lakes over the 110-day field study. Because the overland traps were placed ;10 m from each study lake and there were no colonist species found in them, we believe that these 33 individuals likely dispersed from the study lakes themselves, rather than from surrounding lakes, which were located .200 m away. Finally, solid evidence for dispersal limitation during the recovery of zooplankton communities in this region can be been found in studies that have undertaken manipulative experiments (Binks et al. 
Values indicate the total number of individuals collected in 647 samples over 110 days. Ellipses indicate that species was not found. None of the species collected were identified as potential colonists.
2005, Derry and Arnott 2007) and regional zooplankton surveys (Keller and Yan 1998) .
Each of the three spatial models we constructed explained a significant amount of variation in Killarney Park zooplankton communities. This suggests that stream dispersal, wind dispersal, and symmetric overland dispersal via wind or animals probably all contribute to the recovery of damaged communities. Interestingly, results from our spatial modeling indicate that a model based on asymmetric overland dispersal explains progressively more variation in zooplankton communities through time, while those based on symmetric overland dispersal and stream dispersal show the opposite trend. We expected to see the latter pattern over the course of several decades because, even with low dispersal rates, many acid-sensitive species would eventually have an opportunity to disperse to recovering lakes. Over the long term, this would theoretically cause a shift away from dispersal limitation toward a set of communities structured by local conditions (Jenkins 2006) . The reasons for the increased importance of wind dispersal through time are unclear; however, we speculate that it could reflect changes occurring on the landscape as lakes were recovering from acidification. Studies in the nearby Sudbury area have documented decreases in wind speed associated with the regrowth of forest following severe damage due to acidification (Tanentzap et al. 2007 ). Decreases in wind speed could potentially cause decreased zooplankton dispersal, leading to an increased probability of dispersal limitation. There is no evidence that acid deposition caused denuding of the landscape in Killarney Park; however, extensive logging was conducted within park boundaries up until the mid-1950s, with virtually the entire area being cut over at least once (MacDonald 1973) . Of particular interest to loggers were the largest, mature specimens of pine (Pinus strobus, P. resinosa), although there was also a general harvest of many other hardwood and softwood species (MacDonald 1973) . The logging was curtailed after the area was designated as a primitive park in 1964 (MacDonald 1973) . If the gradual regrowth of the forest in the park had a similar effect on wind speeds to that found by Tanentzap et al. (2007) , it is possible that wind speeds have decreased, and the increasing importance of space in our model reflects the decreasing probability of dispersal via wind. Unfortunately, we do not have any wind speed data from the park during the last four decades, so it is not possible to test this hypothesis.
In addition to the changes in the importance of pure spatial variables, there have also been significant changes in the relative importance of environmental Assumes that all individuals captured in overland dispersal traps originated from surrounding lakes and were dispersing into our study lakes. and spatially structured environmental variables. For the spatial models based on symmetric overland dispersal and stream dispersal, the percentage of variation in zooplankton communities explained by spatially structured environmental variables decreased significantly from 1972 to 1990 and from 1990 to 2005 (Table 6 ). This shift coincided with an increase in the percentage of variation explained by pure environmental variables (Table 6 ). The shift in importance from spatially structured environmental variables to pure environmental variables during this time reflects the ongoing chemical recovery of Killarney Park lakes from the early 1970s to 2005 (Shead 2007 ). The spatially structured environmental variation found in the early 1970s was likely a result of the spatial patterns of acidification in the park caused by differences in bedrock weathering rate and pH buffering capacities (Snucins and Gunn 1998) . As pH levels have recovered over the past four decades, this spatially structured environmental variation has been gradually erased.
Data collected from our emergence traps suggest that the diapausing egg bank could play an important role during the recovery of acid-damaged communities. It is important to note that the recovery of communities via the egg bank may complicate the interpretation of our spatial models. Prior to acidification, the egg banks in Killarney Park lakes were formed by the communities present in each lake, which in turn were shaped by both spatial and environmental variables acting on those communities. Consequently, the composition of the egg bank within each lake should reflect the historical influence of space (dispersal) on the park's zooplankton communities. As a result, the composition of recovering zooplankton communities represents both a long-term spatial signal that was present prior to acidification, as well as a more recent spatial component reflective of overland and stream dispersal that has occurred during 
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Notes: The critical density calculated without aggregation assumes a homogeneous distribution of animals within a lake, while that calculated with aggregation assumes that individuals will gradually form groups, resulting in an increased probability of mating for group members. Ellipses indicate that the densities were not calculated. See Methods for information on calculation of critical density and density of colonists. the last several decades during recovery from acidification. The degree to which temporal recolonization via the diapausing egg bank could affect the interpretation of our spatial models is difficult to assess. However, there are at least two reasons to believe that dispersal processes occurring during the last several decades of recovery are responsible for a significant component of the current spatial structure in the park's zooplankton communities. First, some groups, such as the cyclopoid copepods, do not produce diapausing eggs (Thorp and Covich 1991) . Second, several studies have found limitations to the egg bank for a variety of other cladoceran and copepod species (reviewed in Gray and Arnott 2009 ). While contributions from the egg bank are potentially important, these arguments suggest that many species will have to colonize lakes by some other means. As a consequence, we believe that communities in recovering lakes today reflect spatial processes acting over both the long term (prior to acidification) and over the past several decades as pH values in the park's lakes have recovered. The small number of zooplankton collected in our overland dispersal traps contrasts with the results of a similar study conducted by Allen (2007) . Allen (2007) placed 32 dispersal traps at 10 m, 30 m, and 60 m from the shoreline of a pond in Urbana, Illinois, USA, and collected 615 cladocerans and 247 copepods over a three-month period (traps were of similar size to those used for our study). This indicates that rates of dispersal from our four study lakes in Killarney Park were probably much lower than those experienced at the field site chosen by Allen (2007) . Comparison of our results with other studies is difficult because most have focused on documenting the colonization of new habitats, rather than directly quantifying dispersal rates (Ca´ceres and Soluk 2002 , Cohen and Shurin 2003 , Louette and De Meester 2005 . Data from studies documenting the colonization of new habitats is difficult to interpret since community assembly is dictated not only by the availability of colonists, but by local factors such as water quality and interspecific interactions, as well. As a result, we could not make direct comparisons with these studies regarding the quantity of individuals dispersing through time. A comparison of the percentage of species that dispersed from the total regional species pool is possible; however, the fact that these studies were conducted on different temporal and spatial scales likely affects interpretation of the results. Previous studies have found 65% (Ca´ceres and Soluk 2002) , 76-79% (Cohen and Shurin 2003) , and 40% (Louette and De Meester 2005) of the available species dispersing into new habitats. In this study, five species were captured in our overland dispersal traps from a total of 11 pelagic species that have been documented in our four study lakes (Shead 2007; D. Gray, unpublished data) . Therefore, we documented the dispersal of ;45% of the available crustacean zooplankton species, which is at the low end of the range found in previous studies.
The results of our study suggest that both dispersal and local environmental conditions have an impact on the recovery of Killarney Park zooplankton communities. Measurements of dispersal to recovering lakes in the park suggest that the return of acid-sensitive species following pH increases may occur relatively quickly for those species that have the capability and/or opportunity to hatch from the diapausing egg bank or disperse through stream connections (but see Sarnelle and Knapp 2004) . Conversely, the small number of animals captured in overland dispersal traps located just 10 m from shoreline of our study lakes suggests that reestablishment may occur much slower for species that need to disperse overland via wind or animal vectors. The important role for dispersal that is suggested from our spatial models indicates that biological recovery may take much longer than previously assumed, as species may not be able to immediately colonize recovering lakes following water quality improvements. Ultimately, our results indicate that expectations regarding the rate of community recovery should be adjusted to account for dispersal limitation (Bohonak and Jenkins 2003) . Manipulation of dispersal rates could increase the rate of community recovery, but it could also increase the risk of introducing nonindigenous species, such as the spiny waterflea (Bythotrephes longimanus), to uninvaded lakes within the Park. Therefore, patience, and continued monitoring of recovering zooplankton communities, are probably the most prudent management approaches to take at this time.
